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ABSTRACT 


This thesis deals with the use of a synthetic 
material for prosthetics to be used in reconstructive 
vascular procedures. Specifically, a graphite coated latex 
graft with an associated power source is used as a vascular 
substitute. The results obtained were extremely encourag- 
ing in that the latex vascular prosthesis proved to be as 
effective as homograft material in maintaining an intact 
circulatory system upon implantation. The body of the thesis 
deals with the electrostatic theory of biological membranes, 
the experimental procedure, results and suggestions are pre- 
SEnteawsOn fLuathner workyin, tne field of synthetic vascular 


prostheses. 
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Chapter 1 
COAGULATION 
1S gal PHYSIOLOGICAL ASPECTS OF INTRAVASCULAR CLOTTING 


Despite, or perhaps because of, advances in med- 
ical knowledge, the problem of thromboembolism is as impor- 
tant today as it ever has been. Whether intravascular 
clotting is to be considered on the increase or decrease 
depends to a great extent on whether or not the techno- 
logical advances in materials design and use in the human 
body is to be considered relevant. Some of the more recent 
factors considered to be contributing to the increased 
occurrence of thromboembolism may be: the increasing longev- 
ity of the population in general, the tendency of the sur- 
geon to undertake more extensive exploration, resection, 
repair and transplantation in all areas of the body, the 
more involved diagnostic procedures, the extensive thera- 
peutic measures now in use, particularly the battery of new 
drugs and the widespread use of intravascular infusions of 
Many types and substances, and the advent of bioengineering 
resulting in the influx of greater numbers of foreign sub- 
stances being introduced into the body. 

More than one hundred years ago it was Virchow who 
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suggested that the principal factors predisposing to throm- 
bosis are: 
(i) Changes in blood vessel walls. 

(ii) Alterations in blood flow. 

(iii) Physical and chemical changes in the blood. 

Except in the matter of detail, most authorities 
today agree with these precepts (13,71,81). 

Changes in blood vessel walls may occur as a 
Vesultsore (50,100) 

(i) Trauma (mechanical, thermal, chemical, 
bacterial). 

(ii) Degeneration, particularly atheromatous. 

(iii) Nervous influences, such as those seen in 

Raynaud's disease and spasm of non-specific 
nature. 

(iv) Other changes occurring in conditions such 
as thromboangitis obliterans, pulseless 
disease, polyarteritis nodosa and changes 
in mast cells, both qualitative and quanti- 
tative. 

Alterations in blood flow are those primarily of 
stasis (68,129) which depend upon such influences as 
gravity, physical activity or lack of it, cardiac decompen- 
sation, tumors-benign and malignant, scarring and vari- 
cosities. 

Physical and chemical changes in the blood include 


(345 87 Leo). 
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(i) 


(11) 


(isasa5) 


(iv) 


Hemoconcentration resulting from hemorrhage, 
shock, burns, plasma and serum loss, dehy- 
dration and aggulation of solid elements. 
Alterations resulting from low temperatures 
(cyroglobulinemia). (Of interest is the low 
incidence of thrombo-phlebitis in warm 
climates). 

Metabolic disorders, tissue destruction, 
anemias, tumors or inflammation of the 
pancreas, ingestion of fats and drugs. 
Protein alterations brought about by intra- 


Venous Lintusion. 


ee THE PROBLEM 


Differences in clotting times of blood or plasma 


have been studied under a variety of conditions such as: 


(1) 


(ii) 


G1 Lis) 
(iv) 


(v) 


After dilutions: 


In the absence of contact with wettable 
surfaces. 
After removal of solid elements. 


With the use of various mechanical devices. 


After addition of anticoagulants. 


Variation in clotting and anti-clotting in the 


thrombotic or postoperative period have been reported by a 


number of authors. Many of these reports have been con- 


flicting and unanimity of opinion on a method for predict- 


Ingithrombosiistismstid) ¢lacking5(1,2). 
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It is altogether likely that thrombosis in differ- 


ent patients is not necessarily the result of identical 
changes in their broad respective, coagulation mechanisms. 
It is probable that these changes occur as a result of 
alterations in a number of factors in each instance and 
that while some of the latter may be basically the same in 
all. patients, they may be of a different nature in others. 

There is no reason to believe that, in the majority 
of instances, the chemical changes in the blocd may be of 
greater importance than alterations in the vessel walls or 
rate of.blood flow. This belief is of course predisposed 
if a segment of vessel wall is replaced with an alloplastic 
material. It is also likely that these chemical alter- 
ations include changes affecting various aspects of coag- 
ulation such as the formation of thrombin, its inhibition 
or activation and lastly the overall activity of the 
fibrinolytic system. It appears likely that blood coag- 
ulation is a dynamic process, a limited amount of clotting 
presumably occurring continuously and, that under normal 
conditions, various opposing factors prevent the excessive 
accumulation of the products of this process (5). 

The thrombotic tendency is not only important as 
such, buteinecertain clinical condi tions .may.actualiyebe 
responsible for the development of severe hemorrhagic 
diatheses. These may develop during pregnancy or as a 
result of shock, burns, surgical trauma, transfusion re- 


actions and malignancy (87,91,95). 
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A THE MECHANISM OF BLOOD CLOTTING 


The protein interactions of blood coagulation as 
described by Morawitz (74) more than half a century ago is 
still essentially valid and is shown in fig. 1.3.1. 
According to this concept, prothrombin, in the presence eye 
thromboplastin and calcium, is converted to thrombin. The 
faccer ein turn, changes fibrinogen to Bilepetiigl yy eevee alee 
soluble gel. 

With the end of World War II the picture assumed 
new proportions, as an increasing number of new factors 
were described, leading to a continually changing and even 
more complicated mode of action. Despite this apparent con- 
fusion, however, the existence of certain "factors Nas been 
sufficiently well documented to warrant a brief discussion 
of their role in the "clotting mechanism". 

It appears now that thromboplastin is formed not 
only as a result of tissue damage, but may also develop in 
the blood itself through the interactions of certain plasma 
proteins and cellular components. Intrinsic thromboplastin 
was originally thought to result from the interaction of 
antihemophilic globulin, plasma thromboplastin component 
(PTC), platelets and calcium (12). This interaction has 
been shown to occur in several stages (9) and its Finad 
product appears to be phospholipoprotein (14). Recent 
evidence suggests that, in addition to the aforementioned 
factors, plasma Ac-globulin (factor V) is also essential to 


the evolution of the final prothrombin-converting principle 
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A simplified diagram, showing the protein 
interactions leading to fibrin formation. 
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(52). Further implicated in the generation of intrinsic 
thromboplastin have been plasma thromboplastin antecedent 
CBTAjRR(2 O) ee tactomexXe(S6) jandaStuartefactor (53) 6e-Onei of 

the more,» recently described coagulation factors, is\ procon- 
vertin (SPCA, factor VII, autoprothrombin I) (85). Although 
it now appears that this factor is not involved in the form- 
ation of intrinsic thromboplastin and, although there is 

some doubt as to whether or not it is essential to the gen- 
eration of thrombin (4), it apparently is important as an 


accelerator on the latter's physiological formation. 


The action of thrombin on fibrinogen has been shown 
COnDesOtedeDrOoceolytClc Macunesand tO involve theysplitting 
off of two or more peptides, followed by the polymerization 


of this altered fibrinogen (64). 


It appears that both thromboplastin and thrombin 
‘are rapidly neutralized or inactivated in plasma and there 
is evidence to suggest that such neutralization may occur 
by direct inhibition (41,121) as well as by actual destruc- 
ELONBOLELIeSe  LWOe TaclLOromimeroc,/3,117). Of the clotyin—- 
hibiting factors, heparin probably plays one of the most 
catholic roles operating at various stages of the coagula- 
£10n mechanism (05535782, 123). 

As stated earlier, it appears reasonable to con- 
sider clotting as a dynamic process including a mechanism 
LOL ecucCeLenOvolsOLUelCic mia nalm@oLOUUGl,  ttOrin. 0nas 


fibrinolytic activity can be readily demonstrated in normal 
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patients and may become excessive in various clinical 
states. It has been suggested that, as in the case of 
thromboplastin, the organism also possesses two mechanisms 
for the production of active fibrinolysin (plasmin) (5). 
Thus the plasma precursor, profibrinolysin (plasminogen) 
may be acted on by a tissue activator as well as by an 
activator formed in the plasma itself. 

Various suggestions have been advanced as to the 
mechanism by which abnormal intravascular clotting is in- 
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1.4 PHYSICAL FACTORS 


Among the physical factors considered to promote 
intravascular jclotting are: 
(i) Injury to the vascular endothelium with 
the elaboration of a “granular cement" (72), 
local platelet concentration and the se- 
quence of events set up by such concen- 
tracLonmloomoUneEs 
(ii) Sludging of blood which may occur under a 
number of conditions such as infection, 
excessive heat or cold, metabolic disorders 
and ctherss(60, 61). 
(iii) Lack of muscular exercise accompanied by 
decreased fibrinolysis (11). 
(iv) Lowering of tissue temperatures with 


cyroprotein precipitation and accompanying 
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Vascular narrowing (7,34). 
(v) Regional body radiation (24,124). 
(vi) A positively charged vascular wall (22,40, 
939 se 007 O27 LOS — 1077 1097110,112,125,126) . 
Of the above factors, which produce intravascular 
thrombosis, the only one this thesis will deal with is that 
of charge on the vessel wall. 
It should also be noted here that the physical 
Sagero® thesgraftealsorplaysaan.important,role, inthe 
patency rate of vascular prosthetic implantations. One 
author (130) states that for long grafts, 40 to 50 centi- 
meters, with an outside diameter of 3.0 to 3.5 millimeters 
there was an 80% early failure rate and all were occluded 
by 2 years. Thus the problem of vascular grafting below 
the waist, where graft size approaches the critical size, 


has had an extremely poor survival rate. 
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Chapter, 2 


BIOPHYoLlCes Aoeucls (OF 
INTRAVASCULAR THROMBOSIS 


Pgh i BIOELECTRICAL FACTORS AFFECTING THROMBOSIS 


The study of thrombosis and the associated phenom- 
enon of blood clotting has become increasingly refined and 
complex since Virchow first summarized the principal fac- 
tors predisposing to thrombosis. Major efforts have been 
directed toward the chemical mechanisms which result in 
Geaqulaurongos 1b loodfandtlvis ws g0mtbloodaclots.. tAS ja icon 
sequence of this chemical orientation, prevention of intra- 
vascular thrombosis has been based on the application of a 
Vespretyeotuantagonists ytosctotting factors ipefhis sirccouxrse, 
Ls associated with total systemic alteration of intra- 
vascular clotting. 

More recently, increasing interest has been direct- 
ed toward the bioelectrical factors affecting intravascular 
thrombosis rather than biochemical mechanisms and, as a 
sequitor, to the application of these bioelectricai princi- 
ples locally to either produce or prevent the formation of 


thrombi. 
Zed, ELECTRICAL ELEMENTS IN THE VASCULAR SYSTEM 


The importance of electrical environment to intra- 
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vascular thrombosis is predicated on an electrical relation- 
ship between the circulating elements of blood and the in- 
timal surface of the blood vessel wall. Conversely, throm- 
bosis associated with injury should be accompanied by an 
electro-attraction between these two factors. 
ie liek Electrical Characcerrstics of 

‘Circulating Elements of Blood 

Abramson (1,2), in considering the hypothesis that 
currents of injury are responsible for the leukocyte infil- 
tration in regions of inflammation, demonstrated that, when 
the estimated current between two electrodes is 0.4 milli- 
amps, the small lymphocytes migrate toward the positive pole 
with a speed of approximately 15 microns per minute. They 
move faster than the red cells in the same preparation, and 
when the current is reversed, they almost instantaneously 
change the direction in which they have been travelling. 
This suggests that the lymphocytes possess a negative sur- 
face charge. 

Abramson (2) also demonstrated that a small electro- 
motive force, in the order of magnitude of that existing in 
injured tissue, results in the migration of lymphocytes to 
the positive pole. In subsequent work (3), he demonstrated 
that red blood cells also migrate to the positive pole. In 
aeSseLlicsectenormal adults pea mean velocity, oF 1.340202 
microns per second per volt per centimeter was established. 


Completing the spectrum of circulating blood elements, the 
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surface charge on platelets was determined by microscopic 
observation of their electrophoretic mobility (10). On 
application of 5 milliamps of direct current, the platelets 
also migrated to the positive pole. 

The ion groups contributing to the electrokinetic 
potential on the surface of blood cells have been charact- 
erized by several investigators (6,43,67) in an attempt to 
correlate differences or similarities with their known bio- 
logical properties. Most authorities have agreed that the 
major functional components are phospholipid in nature, but 
that protein and cholesterol may also be present near the 
surface. Electrophoretic pH-mobility studies suggest that 
the erythrocyte surface is dominated by strongly acidic 
groups such as those of a phosphoric acid (43). By making 
comparisons with known model systems it has been concluded 
‘(6) that the dominant group on the erythrocyte was a 
phosphate, whereas that on a polymorphonuclear leukocyte 
waS a carboxyl. The cation spectra for lymphocytes and 
platelets were similar to one another, and it was suggested 
that the dominant groups were both phosphates and amines. 
Some carboxyl groups may also be present on platelets, and 
cation bridging between these carboxyl surfaces has been 
proposed as an important factor in the stickiness of blood 
cells« 

The effect of antisera on the charge of human blood 
cells has been investigated (26,27), demonstrating that 


human white cells were negatively charged, but slightly 
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13 
less so than red cells. lLeukoagglutinin treatment of the 


white cells produced a change of charge, but the change was 
Inetiesdirection of less negativity, in contrast to the in- 
creased negative charge seen with the action of anti-red 
cell antibodies on red cells. The magnitude of the change 
of charge on white blood cells after leukoagglutinin treat- 
ment was about one half that found after treatment of red 
cells with their antibodies. Human platelets were found to 
possess negative charges approximately four times as great 
as those of red cells or white cells, but the possible 
effect of anti-platelet antisera on normal platelet charge 


has not, as yet, been investigated. 
Poe P ais Mlectrical Characteristics of The "Blood Vessel Wall 


Direct determination of the electrical character- 
istics of blood vessel wall was first performed by Sawyer 
anderate.(106)sin 1953. Bthesnormal aortic. wall was, found 
to have an electrical potential difference in that the 
aortic intima was normally negative with respect to the 
adventitia. The magnitude of this potential difference was 
found to be 1.5 millivolts. More recently, an active 
transport of ions by the blood vessel wall has been demon- 
strated. It has been suggested that this transvascular 
ion concentration may affect electrical charge. It has 
been hypothesized that the normal blood vessel wall per- 
forms work in order to maintain transmural potential 


differences by means of the active transport of ions (104). 
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In this manner, minor injuries are prevented from resulting 
in the chain of events terminating in intravascular occlu- 


sion. 
2 ELECTRICAL PHENOMENA AT BLOOD-INTIMA INTERFACE 


It has been suggested (120) that the forces of 
attraction and repulsion between the vascular intima and 
the formed elements of the blood cannot be divorced from 
those existing within the cell membrane, thus aie ERG) celheye)a(@l-< 
priate to start with a survey of the phenomenology at a cell 
boundary as a whole, as shown in eaWepay OLA Shae 

The nature of the distribution of charges at the 
solid-liguid interface giving rise to the potential vditrer= 
ence associated with electrokinetic phenomena was first 
considered by Helmholtz in 1879, who introduced the concept 
“of the electrical double layer (17) 2 Two~electrically 
charged layers of opposite sign were assumed, one fixed at 
the solid surface and the other close to the surface layer 
in the mobile liquid phase. This is shown in raake(s AG chara 
The charge on the surface layer is exactly balanced by an 
equivalent number of oppositely charged ions in the liquid 
layer since the double layer as a whole must be electrically 
neutral. Within the double layer the potential drops to 
zero, and the rest of the liquid phase is electrically 
neutral since it must contain an equivalent number of pos- 
itive and negative ions. It has also been suggested (7) 


that the two layers could be considered as being equivalent 
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7 
to a parallel plate capacitor. 


This simple picture of the double layer, however, 
does not take into account the thermal motion of ions in 
solution, which would prevent the formation of such a 
compact arrangement. This can be’ seen if a plane surface 
uniformly covered with an aqueous solution containing pos- 
itive and negative ions is considered. The positive ions 
will be attracted by the surface charge and tend to con- 
centrate near the surface, thus reducing the electric field 
intensity, due to the surface, at points furtherwoutein 
solution. Hence, the concentration of positive ions will 
decrease, rapidly near the surface and more slowly further 
away. Negative ions will be repelled by the surface and 
thus their concentration will be reduced, particularly in 
the vicinity of the surface. The net result is that close 
‘to the charged surface there will be an excess of positive 
over negative ions, the difference decreasing with distance 
until the point is reached in bulk solution where there is 
an equivalent number of positive and negative TOnGeLO maa — 
tain electroneutrality. The effect of thermal agitation 
is, therefore, to create a diffuse double layer (120) jewien 
the total net charge in the solution balanced by the equal 
and opposite charge on the surface. The potential ¥ within 
the diffuse double layer decreases with distance from its 
value, Yo, at the surface, rapidly at first then more and 
more slowly,.until it .is.zero in bulk solution. This picture 


of the diffuse double layer is illustrated in fig. oes ee 
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Schematic representation of the diffuse 
double layer and the decay of potential 
with distance from the plane surface. 
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19 
There are two main factors which will have an 


effect on the ionic distribution and the decay of the po- 
tential in a system as described previously, which pertain 
to the vascular system, these are: 

(i) Effect of surface potential (69). 

(ii) fBffect of ionic concentration and 


valency (69). 


Qeo ek Effect of Surface Potential on Ionic 
DistriputLlonwancerotential Decay 


For a given concentration of ions of given valency, 
the shape of the potential decay curve is fixed, Since at 
any given concentration of ions the decay curve is solely 
dependent on the surface potential Yo. Thesorigin of the 
curve is determined by the value Yo. At high surface 
potentials of the order of 100-150 ma idmevolmesat( 207 )elechiexrate 
of decay of ¥ over a particular region close to the surface 
is much greater than when Yo is low. The reason for this is 
that the negative ions are almost completely expelled from 
the region close to the surface when the potential is high 
and the concentration of positive ions in this region is 
correspondingly increased, the structure of the diffuse 
double layer being determined essentially by the ionswoft the 
opposite sign to the charge on the surface. This is gener— 


ally the situation in collodial systems. 


D4 Males Ps Effect of Ionic Concentration and Valency 
On lfonic Distribution and Potential Decay 


An increase in concentration of the ions in solu- 
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20 
tion or change af pH in the vascular system will, at con- 


Stant surface potential, mean a proportional increase in 
their concentration near the Surface, due to lack of repul- 
Sive forces, resulting in a faster rate of decay of poten- 
tial. The distance to which the diffuse part of the double 
layer extends from the surface is also reauced thal sethe 
double layer is compressed. Increase in valency will have 
the same effect with increased attraction with the positive 
ions and increased repulsion with the Negatrtvyesionc a l— 
though at high surface potential the latter is unimportant. 
Potential decay curves illustrating these effects 


imc lOW Ween et dgse 2.3. 2elmandi 2.3.2.2. 
234 MODERN CONCEPT OF THE DOUBLE LAYER 
een eee oe ee ee 


To simplify the mathematical treatment of electro- 
kinetic phenomena, it is useful to consider, as Helmholtz 
postulated (16), that all the ions in the diffuse double 
layer are located in a single plane at a distance "qa" from 
the surface. The diffuse double layer is now equivalent to 
a parallel plate capacitor and called the Helmholtz double 
layer (16). The distance "ad" is called the thickness of 

the double layer and is related to the concentration and 


valency of the ions in solution by: 
d=v¥ (eKT/4te*rnzZz?) (19) 


The only interaction so far considered between the 


charged surface and the ions in solution is due to electro- 
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23 
static forces and normal thermal agitation is sufficient 


to overcome these forces. Stern (46,69), suggested that 
the region near the surface should be divided into two 
Paves MENG LITSse aacompactmlayer adjacent to the-surface 
containing any adsorbed ions and the second consisting of 
the diffuse Gouy layer (46). The compact part of thickness 
6 is called the Stern layer and the potential at the bound- 
ary between the Stern and Gouy layer is designated ¥6. In 
this theory Stern also allowed for she dimensions of the 
ions which had, hitherto, been considered as point charges. 
Pima leronecOnanvelonecmthat, may Oe adsorbed, the 
surface will be solvated by a layer of solvent molecules, 
probably of the order of one molecule thick, as a result of 
the attractive influence of the surface charge on the water 
Gipoles (127). The boundary between the rigidly held 
Sclvationmlayer and athe solution 1s the surface ofmshear 
(19,46) associated with electrokinetic phenomena, and the 
zeta potential (&) (19,69,103,120).. In most cases & will 
be less than ¥é {unless large ions are adsorbed) and part 
of the diffuse layer will be located within the solvation 


Ayes weimominodern sdoubleslayer theory 1s shown in fig.) 204.17 
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Zo APPLICATION TO THE VASCULAR SYSTEM 


in the case of a°narrow cylinder, as seen 
from appendix II, the electrostatic forces on the formed 
elements, in this simplified scheme, are towards the axis 
Of the cylinder, resulting in) repulsion of the formed el- 
ements from the surface to the axis of the cylinder. 

Overbeek (56), has schematically represented the 
LOLC Cmte rcmocmShNOWwlmilert Gwe. o.l. here the total of the 
attraction and repulsion curves give the effective total 
energy.) in) this case the attractive forces are due to 
London-Van der Waal forces (120) and the repulsive forces 
are due to the electrokinetic effects previously described. 
feecaneperseenwerom Lig. 2.5.1) that if the electrokinetic 
effect was reduced there is a critical value ¥, at which the 
total energy becomes attractive. This effect is the basis 
for onset of agglutination of the blood elements and even- 
tual occlusion due to intravascular thrombosis. 

This idea of total energy proposed by Overbeek is 
also of prime importance in discussing the concepts of 
stickiness, wettability and other areas of interest related 
to materials designed for interfacial use. These concepts 
ae therefore dependent on the theoretical views on precip- 


LtaticonsoL collodial solutions. 


Peas: ALTERATION OF BLOOD VESSEL. WALL ASSOCIATED 
WITH INTRAVASCULAR THROMBOSIS 


Sawyer and Pate (106) initially demonstrated that 


injury to a blood vessel can vary or destroy the normal 
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transmural potential difference, the intima often becoming 


highly positive with respect to the adventitia. It has 
also been shown (105) that the passage of an electrical 
current across a normal blood vessel wall would precipitate 
a thrombosus beneath the positively charged electrode. If 
this current persisted for a sufficiently long period of 
time, complete occlusion occurred. A subsequent study (107) 
indicated that, after transection or severe crushing of a 
blood vessel wall, the intima of the injured area became 
relatively positive with respect to the adventitia. Cal- 
culations suggested that the flow of current, which a 
potential aikacebenve associated with injury can produce 
through tissue, closely approximates the measured injury 
current in traumatized and subsequently thrombosed blood 
vessels. The values also approximated the current per unit 
area, which, when applied artifically, produced thrombosis 
(987107, LOSPULOR 112)... 

Histological evaluation of the reaction of vascular 
endothelium to injury has afforded presumptive complementary 
evidence of the importance of bioelectrical environment of 
blood vessels (72). Normal vascular endothelium is composed 
of flattened pavement-like cells separated by argyophilic 
cement lines (56). Immediately beneath the endothelium 
there is a layer of homogeneous material which, on staining, 
indicated the presence of acid mucopolysaccharides. In the 
human vascular system, mast cells are most numerous in the 
intima and connective tissues, core of heart valves and 


fairly numerous in the intima of coronary arteries, but 


vs 


ged $1 .sitionevie sdt 03 tosghet AIEy avisieog vhdedd 
Tadixzd>ofo os to spbaaeq sit tsis TE0LF swore need ols 
ststiginsza bivew fisw I6eesv poold igmrtoa 6 Berk tng13w9 
I .sbortuvels bopterfo ylevisieog ada ajsensd eysGdmoudt @ 


20 Horreg pro Vlinetolittuve gs t0OF Seteleraq jnetaus ends 


‘poo dtofeuisys stelgacs james 


(TOL) youste tasupeadgs A Hari 
se to onitavito stevoa xo noitooensis todte (dstt Seteaeee 
Ons{eaa seth betrreat ens so smijut aft .ilew isecsy boold 


~IsD ,Bih3DPRSVbA eds Oc Jooqesex isiw Bvidteod yisvEseiae 
& Apifiw ,jnerwo 20 wot’ ers tsadt Dbesasppyte enoltsiao 
SnVHOAG ABO YANCOL Aiziw i $8 inoedé sbitetsiItrS Ledeen 
YiIntai Bervesse so sojnmisorygs yis#olo , sveetsd Govesds 
. bosoamoras yistaouperdue hes Hhesisanusis af 2aetaee 
+ieg 18q tasxitus oft b3¢eminoteqs oP fs Barley ent: .aleaesv 
zigzgodmords. Sesuhorg ,yilsaciicous beifiags ssdw ,feieaw gaeae 
: (SLL, 011 205, 108, £0) 

isivoesy 26 aetazoses ert 20 notzsrleve fsaipososekn 
Yasinwrsigaes evisgarsesq hobroits esd ytopel ot -atnd Dertsobae 


to. mamas Live® sale altuna to 9oassrégmi-odd Jo sorebive 


beangaco bk wartshedseiniin tsinnesv Lemon JUST) ‘etéeceer beold 


pkiksigoyexs yd beteisqee elivoo sALLAtemersq ean o> 
hiitfedtobne ets Adsenod vlan 24a) conte 9 


all eensetpadl tevel 
ved ipapieie ‘i 


primooed ossto amitgi oft , sone1s32E5 Intjnesoy lexamenens 









28 
they are rare in other arteries (56). In veins, they are 


only occasionally demonstratable (56). 

When a blood vessel is occluded and stasis is pro- 
duced, focal groups of cells display argyophilic granules 
around their nuclei, and coarser granules also appear with- 
in the cells near the cement lines. At the same time, argyo- 
philic circles appear on the cement lines and within the 
endothelial cells enclosing small bubbles of meta-chromatic 
material. Complete stripping of the adventitia from the 
veins interferes with the capacity of the endothelium to 
form cement. Endothelial granules are less common and the 
confluent cement a6 thinner and less meta-chromatic than 
when the vessel is only partially deprived of its endo- 
thelium. In areas where there is insufficient material for 
adequate confluence and the cement is poorly formed, leuko- 
cytes and platelets accumulate and microscopic thrombi 
result. Chemical injury results in the same changes (56). 

In heparinized animals, foci of reticulated cement 
is still formed when the adventitia is stripped from the 
vein. If this reticulated cement is well formed and covers 
Ghesin] UredLlLarea ,Ano thrombosis soccurs odin, contrast, 
protamine prevents adequate coalescence and permits the 
formation of minute thrombi after partial stripping of the 
adventittastizomreheyvein.s ltpiseinéferredathatythercombis 
nation of meta-chromatic substance and granules of cement 
is hindered by the drug, protamine. Because protamine is 
an antagonist to heparin it is thought that the meta- 


chromatic substance contains heparin (56). 
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29 
The meta-chromatic component is not a product of 


the endothelial cells, but probably comes from the mast 
cells. When the injured area becomes covered by a gel- 
atinous film of cement containing heparin, which has a 
strong negative charge, the tendency to become positively 
charged is counteracted. Inadequacies of the natural 
heparin production predisposes to the attraction of cel- 
lular elements of blood to segments of severely trauma- 


tized blood vessels (56). 
27c41. ELECTRICAL PREVENTION OF THROMBI 


Sawyer and Deutch (100,101) demonstrated that a 
current imposed upon a segment of blood vessel would delay 
intravascular thrombosis for periods up to 12 hours, if the 
negative pole of the source was attached to the intima. 
These authors also showed that with currents above 0.3 
milliamps, thrombosis in the crushed femoral and cartoid 
arteries occurred less frequently. Engler and co-workers 
(40), considering the same possibility, anastomosed short 
arterial homografts bilateraly into the femoral arteries of 
dogs. Insulated hemicylindrical electrodes were placed 
around each homograft, and 250 volts were delivered from 
the negative pole of a D-C voltage regulator to the elec- 
trodes on one artery alone, the opposite artery serving as 
a control. The rate of thrombosis was identical for the 
two sides. However, the induced electrostatic field was 
maintained for only 6 hours, and the vessels were studied 


a week later. Although these results are not very encour- 
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30 
aging, other groups (93,112) have used a platinum foil 


wrapped around the femoral veins and a negative current of 
1 to 5 milliamps to prevent thrombosis after injection of 
topical sthrombin, thus demonstrating that negative electric 
currents may prevent chemically induced thrombosis. 

These authors (93,112) also demonstrated that mech- 
anically induced thrombosis may be prevented or markedly 
reduced by applying a negative current of 3-4 milliamps to 
Stainless steel arterial conduits. The patency rate after 
P2eOULSCEWaSmoOMOUt, Ot. tle 

Other reports concerning the ability of a negative 
current to repel clot formation may also be cited. Sadd 
and associates (98) inserted steel and silver coated rings 
in the inferior vena cava and applied a small negative 
BOLen Ulam OLeS  atosnal feotetiics preparations. The neg— 
ative charge significantly decreased the incidence of 
thrombotic occlusion of both the steel and silver coated 
rings. In a subsequent study (45), methyl methacrylate 
rings were coated with graphite, inserted in the inferior 
vena cava, and either negatively or positively charged from 
a 3 volt source. All positively charged rings demonstrated 
thrombotic occlusion, while the negatively charged rings 
were patent and only occasionally contained minute thrombi. 
Winfrey and Foster (126), demonstrated that a short linear 
arteriotomy of 6 centimeters resulted in thrombosis in a 
vast majority of cases. However, when a negative charge 
was applied to a wire suture, more than 80 percent of the 


vessels remained patent. Finally, Carey and Lepley (22) 
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presented histological evidence that a continuous direct 
electrical current from a negative pole resulted in appar- 
eneeinnitortionso: inflanmacory cell infiltration in the 


region of the electrode. 
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Chapter 3 
DEVELOPMENT OF THE PROSTHESES 
Craal THE PROSTHESIS 


The prostheses used during the experimental portion 
of this exercise can be divided into 3 basic groups: 
(1) Plain latex. 
(Tye Gatex witieaecollordal Graphite inner Lining. 
Crrije = *Gatex wlth a cOlloldal Graphite inner 


Minimig weeieeammtercury Cell atLcached. 
Sey LATEX AS A VASCULAR PROSTHESIS 


Because of its availability, Hifi ay was the first 
synthetic material used for the grafting of blood vessels 
Gflyee = Asveariy as 1905, Horstey (51) described the use of 
rubber tubes to replace segments of the aorta in exper- 
imental animals. He was impressed with the sturdy layer 
laid’ down around the tubing and of its close resemblance to 
adventitia. With this in mind he theorized that the rubber 
would eventually degenerate, leaving a strong fibrous tube 
to support the arterial flow. Although such an end point 
was never obtained, he did mention in his report (51), that 
there was a slow clot formation within the tube with the 
longest success remaining patent for six months. 


Early in the clinical investigation of vascular 
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33 
disease, it was discovered that healing at the suture lines’ 


would take place even in the most diseased vessel (18). 
Regardless of the grafting material inserted, replacement 
in the large vessels, such as the aorta, had been jean is 
successful. Because of the lower flows and lower pressures, 
the problem, as it pertains to vessels less than eight 
millimeters in diameter, is entirely different (114). 
Edwards (37) has stated "that the loss of elasticity is the 
most important cause of graft occlusion" in the smaller 
arteries. With this in mind, it is evident that the ideal 
vascular substitute should have the proper elastic charac- 
teristics and that it should maintain these characteristics 
for a prolonged period of time. Besides being important in 
maintaining diastolic blood pressure, the property of 
elasticity allows for the transmission of a normal pulse 
wave (80). To date, all presently acceptable vascular 
grafts are soon reduced to rigid tubes anels Tu 267 9) 4. 

Studies of the normal arteries in humans and in 
animals reveal that the smooth muscle and elastic tissue 
network responsible for the arterial retractile force over 
a wide range of distension shows mechanical and thermal 
properties often associated with those found in natural 
rubber (51,65). Since the search for the ideal vascular 
substitute continues and elasticity appears to be an im- 
portant property of blood vessels, the advantages of rubber 
as a prosthetic vascular material are believed to be: 

(i) Its close simulation of the mechanical 


properties of normal vascular tissue. 
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(int) shase of nandling, 
SiS! BLOOD-CARBON COMPATABILITY 


Very little work has been done on the compatability 
of elemental carbon and blood with respect to its ability 
to retard or minimize coagulation. One author (45) suggests 
that graphite would make a compatible surface, where com- 
patible in this sense means non-injurious to blood and does 
not promote the coagulation process, since it is elemental 
carbon and thus relatively non-reactive. Other reasons 
Grred wil eLavoullO lL Car oOnmas ga aut OOd Linteriace ,are guts, ex-— 
Preme non-wettability, Lispconductivity ,..1ts inertness sand 
Peowlubpriecative properties 0(45 po Graph te<1s elemental 
Gayoonsinethesrorn so. Laminamenexagonal crystals sit isica 
non-metallic conductor and has been used extensively in 
electrical circuits. In the colloidal form extremely fine 
particles of graphite are suspended in a carrier. The 
particles are separated for the most part as crystal aggre- 
gates and the mass mean particle size is between 1 and 2 
microns. There are a very few flocculent particles present, 


Tanging gin Size sup to 8 mickuonse in diameter. 
Se PRODUCTION OF THE PROSTHESIS 


All prostheses were constructed by dipping various 
dowel sizes into a liquid latex and catalyst; twice for 


grafts to be used in the arterial anastomosis and once for 
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venous prostheses. This was an empirical determination and 
the difference in dippings was an attempt to mimic the 
elastic properties of both vein and artery without the graft 
becoming excessively rigid. This procedure produced venous 
grafts with a wall thickness of 0.5 millimeters and arterial 
grafts with a wall thickness of 1 millimeter. The use of 
various dowel sizes was to ensure that the grafts were the 
correct diameter for anastomosis since one of the biggest 
problems in using latex is to have the ends of the pros- 
thesis the precise diameter of the severed vessel to produce 
aesuturem@ ineswhichawill noteewrinkle” either gratt or 
associated vessel which would allow excessive bleeding. 

The materials used in all the prostheses was Tatex. 
and colloidal graphite in the form of Electrodag 199t. As 
stated earlier, latex was used for its availability, elas- 
Picity case oO. grait productions and its relative inertness. 
Electrodag 199 was chosen as the conductive coating to be 
applied to the prostheses since it is a colloid, 1s flexible 
and cures at 110°C in approximately 15 minutes. 

All the prostheses used were 2.5 centimeters ang! 
length and varied from 4 to 9 millimeters in internal diam- 
eter. The graphite was applied to the latex by washing the 
finished latex tube with Benzene and pouring a solution of 


a a SS SE ee 


*Latex - International Latex Corporation, Dover, 
Delaware. 


tElectrodag 199 - Acheson Colloids Limited, 
Bratlichocd = CncaLlo. 


ec 
Gris Hobtentmsiab Inbivehe as ase SEre ‘ie lla” 
sds oimbn oF tomietas Tis. esw coniqgith nt soaaeetn® id 
yisxp efit Juodtiw yrds bas cisy, ddow a6 gta 1sqo%g obteele 
auotiev beoudiosy sivbs 201g eiat -bipis yletisaenss prikmaded 
laitattes Bis eresedi biter 2.0 to 2 eouxo rae ew Ss mand esitexp 
to wey sit ,xetemiflin I ic sesciozae Ifsw 5 Asiw “adtexe 
ed} ayew avtsip sit Jatt oxtiens oF BBW date Iswob suo brsv 
fsoppid 49 to so state srsomdtesne x03 ‘Goiemsis toettes 
“2019 SHY 20 Shne Shs oven ot 2 vets t pater nt ameldotg 
yhongq oF Jaseeey beteroe oft to tetsqess selsoxd odd eteen? 
G.Jiesp Yontis “sftnixw" ton Lfliw deity entl stevie B 
pboibeeLld oviegssxny. wollis piuow dada eae bes Js booees 
wdsoig eft Tis mi dean afstaedei sit 7 
aA reel psderseetes Fo mrot end te SFL Lele inbiebies: brs 


tele ,.ysiiideriave ‘ari tot beels abe MBSE aS + oon botddie 


* 


eemsiani ortitelex stl bee aoijouhorg Siege Fo sess vakoks 
60 oF phitsoo ovizaubroo silt as csewis Sew Cll pEaeeIOREE 


atdixel? \ea (btoites Sel Ss enitte asgottheaty ad? OF boligqas 


“posuaim z1 viessméixozeds mE SP OLE 34 ante: eae 


rt aretomi sass 229 axon aoa stopisatd eis rian 
—at5 id totes ni Suetemiflin & ot Sh mesa® Boiusy Sas idepaait 
| f-igmaetaieeindantna Rte << cate 08 
Ag ynatzuion s- chalk | 











36 
Benezene-Electrodag 199 in the ratio of 4:1 by weight into 


thoes ratt, | cuus allowing the, tctal internal surface to be 
coated with the solution. The excess graphite was then 
poured out of the graft and the finished prosthesis was 
cured at 110°C for 20 minutes in an oven. The graphite 
applied in this manner produced an even coat which covered 
the entire surface, giving an impedance of approximately 

LAS On0MS = peresduare miliimereresse.n the case of the jprostheses 
with battery attached, the mercury cell was first connected 
to 20 centimeters of phonograph lead-in wire, one wire for 
each terminal and then coated in epoxy, to seal it from the 
surrounding tissue. The wire connected to the negative 
pole of the mercury cell was then bared to a length of 2 
centimeters and woven through the latex tube as shown in 
fig. 3.4.1. This was accomplished by passing a 21 gauge 
needle in and out of the latex tube and then withdrawing 
the needle after the wire was introduced into the lumen of 
the needle. After the wire was thus woven into the latex 
tube, a layer of latex was placed over the exposed wire on 
the external side to insulate it. The graphite was then 


applied in the same manner as the plain graphite grafts. 
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Chapter 4 
IN VIVO TESTING 
4.1 SURGICAL METHOD 


The experimental schema was broken down into two 
Separate stages with the following groups in each stage; 
alsomchownean, Table 4 .U: 
(i) End to end anastomosis, 
a) vein 
D)weearcery 
(ii) Implant of charged latex graft, 
a) vein 
D)eeaGbreny 
(iii) Interpolation with reversal of ends, 
a) vein 
b) artery 
(iv) Implantation of graphite coated latex Crd bay 
a) vein 
b) artery 
(v) Implantation of pure latex grafts, 
a) vein 
Db) eat ten 


The finished vascular prostheses were inserted into 
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the ilio-femoral region in either vein and/or artery ina 
random selection of 10 adult mongrel dogs, male and female, 
in good health, weighing 11 to 15 kilograms. The surgery 
was done under aseptic conditions only in the case of the 
end to end, interpolation and charged latex prostheses since 
the others were all predetermined to be acute experiments. 

All experimental animals were anaesthetized, in- 
itialy, with intravenous Pentobarbital Sodium (30 milligrams 
per kilogram) and maintained in a state of anaesthesia with 
successive doses of Sodium Pentothal as required. 

The anastomosis site was exposed and the vein 
and/or artery freed from the surrounding tissue. The trans- 
mural catheters were then positioned, as shown in fig. 4.1.1 
and the preoperative tests conducted. The vessel was then 


prepared for the anastomosis in the following manner: 


(1) Group I - end to end anastomosis. 
The vessel was stripped of its adventitia 
for a distance of 5 millimeters on either 
Side of tip of the internal catheter and 
transected. The ends of the transected 
vessel were then sutured together using a 
multiple suture technique with a continuous 
stitch of 5-0 mersilene suture on a V-7 
needle. This suturing technique was used 
on all of the experimental subjects. Immedi- 
ately postoperatively the series of tests 


were rerun. 
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41 
Group II - charged latex graft. 


In this case a segment of vessel, the exact 
length of the prosthesis, was removed and 
the graft then sutured in place using the 
aforementioned suturing technique. For this 
group the positive pole of the battery was 
not sutured into place until immediately 
after blood flow had resumed in the vessel. 
This was done to give the formed elements of 
the blood time to agglutinate at the suture 
line and possibly form a haemostatic plug 
before the current was applied. In this 
manner it was hoped that excessive bleeding 
could be eliminated before repulsion of the 
formed elements occurred due to the current 
being applied. After bleeding had been con- 
trolled the postoperative tests were initi- 
ated. 
Group III - interpolation with reversal 

of ends. 
With this procedure a segment of the vessel 
was removed and reinserted in an opposed 
position. Again, after bleeding was con- 
sidered to be under control the postoperative 
tests were begun. 
Group tiv =agrapnited latex. 


This procedure followed the same methodology 
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as the group II anastomoses with the excep- 

tion that the battery need not be connected. 
(v) Group V - latex. 

This implantation followed precisely the 

same method as group IV. 

As has been mentioned, in all cases a measurement 
of transmural potential preoperatively as well as immedi- 
ately postoperatively was undertaken. In the acute experi- 
ments, two calomel half-cells were used as nonpolarizing 
electrodes. The negative calomel half-cell was attached to 
a polyethylene catheter, filled with 0.1 N NaCl, which was 
Passeavenreughea Side branch of the vein or artery to a 
point in the vessel estimated to be approximately midway 
through the prosthesis after completion of the anastomosis. 
The positive calomel half-cell was connected in a similar 
manner to a muscle in the vicinity of the anastomosis. This 
apparatus, used to measure the transmural potentials, is 
shown in fig. 4.1.1. 

For the long term experiments, an open lumen, smail 
diameter polyethylene catheter (PE 100) with an internal 
diameter of 0.86 millimeters was passed through a small side 
branch of the vessel under experimentation and tied in 
place so that the tip of the catheter would eventually be in 
the middle of the prosthesis, this was filled with /0.1°N 
NaCl and capped on the external end to prevent escape OLa the 
blood. Another catheter was sutured into a muscle close to 


the site of anastomosis, this electrode was similarily 
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43 
filled with 0.1 N NaCl and capped on the external end. At 


the time of transmural potential measurement, these elec- 
trodes were connected to their respective calomel half-cells 
and measurements taken. During the time the animals were 
not being tested, the catheters were sutured into a subcu- 
taneous pouch so that the tips of the catheters could not 
be torn out and yet be accessible by a simple skin incision 
at the time of transmural potential measurement. The open 
lumen catheter inside the vessel also substituted as a 
catheter to obtain blood samples for clotting time, pH 
measurement, platelet count, prothrombin time and fibrin 
formation tests. 

When taking potential measurements, the outputs of 
the calomel half-cells were connected to a Beckman type 
9806A coupler in a Beckman type R Dynograph recorder. The 
AC coupler was used in the DC mode with frequency response 
at a minimum, Hi. freq. =l1, and the response switch on 
average in order to delete any extraneous signals impressed 
on the input leads. 

The transmural potential, along with the other 
tests, were measured preoperatively, immediately postoper- 
atively, then every day for 3 days and at weekly intervals 
thereafter until the graft occluded or the animal was sac- 
PLLoceu. 

Clinical patency was determined preoperatively, 
immediately postoperatively and at each succeeding test by 


palpation and with the use of a per-cutaneous doppler flow 
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probe. This method proved to be an extremely dependable 


method of determining whether there was or was not flow in 
the vessel, since only qualitative and not quantitative 
results were required. In the first experiments used to 
develop the technique of implantation, potential measurements 
etc., pure latex grafts were used, with the result that the 
decrease in flow could be detected qualitatively with the 
flow probe as time progressed. At the time the flow probe 
registered no flow the graft was removed and examined show- 
ing complete occlusion of the lumen in each case. This fact 
was likewise demonstrated with other prostheses which had 
occluded during the experiment. 

As was mentioned earlier, along with the transmural 
potential measurements, several other tests were also run, 
these, are: 

(i) pH measurement 
(iim lateletacoun 
(Sr) CloeLingmtamec 
(iv) Prothrombin time 
(7) Fibrin formation 

The pH measurment was undertaken to ensure that 
the blood was kept at a normal pH (7.37) or alkalotic, 
since the red cells, leukocytes, fibrinogen and other blood 
components are known to have a negative charge only with 
blood having a normal or alkalotic pH (60). 

Platelet counts, clotting times, prothrombin time 


and fibrin formation were used to determine the state of 
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the coagulation system. This is a rather empirical deter- 
mination since if the platelet count, and rate of fibrin 
formation were elevated with the clotting and prothrombin 
time diminished, it was assumed that the coagulation 
system was still active, similarily it was assumed that 
the coagulation system was inactive when the values re- 


turned to normal. 
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TABLE 4.2 


Transmural Potentials 
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Prothrombin 
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Fibrinogen Concentration 
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Chapter 5 


DISCUSSION OF DATA AND SUGGESTIONS 
FOR FURTHER RESEARCH 


syed & DISCUSSION OF DATA 
Shed End to End Anastomosis 


The end to end anastomosis was one series of 
controls to demonstrate that the technique of suturing was 
Practical. | 

The potential on the suture line of the end to end 
anastomosis was negative prior to the anastomosis and either 
zero or less negative than the preoperative measurement 
immediately postoperatively. Usually, the graft potential 
returned to near normal between the first and second post- 
operative day. The potential then stays negative in polar- 
ity over the remainder of the period of healing. At one 
time or another each of these prostheses developed a higher 
negative potential around the third to tenth postoperative 
day and returned to normal after this. 

The one control subject in this series which de- 
veloped a positive potential on the first postoperative day, 
J-589 (V-R) showed mural thrombi along the suture line upon 
examination. All other experimental anastomoses in this 
group showed no sign of thrombosus at autopsy. 
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The pH measurements in this group showed no devi- 
ation from the normal range as was expected. The platelet 
count dropped from a normal value preoperatively to a value, 
still in the normal range, postoperatively, reaching a low 
point just on the lower limits of normal on the first day 
postoperatively, gradually returning to normal on about the 
tenth postoperative day. This would coincide with the 
immediate formation of a haemostatic platelet plug anda 
gradual replenishing of the depleted platelet supply. 

As with the platelet supply the clotting times 
dropped from a normal value preoperatively to a low level 
immediately postoperatively and gradually returned to normal 
by the third day postoperatively. This would coincide with 
the injury to the vessel and initiation of the coagulation 
process with a return to normal as healing progressed. 

The prothrombin time test, which is an indication of 
the onset of the coagulation system, had a drop immediately 
postoperatively and reached a low on the second day post- 
operatively with a continuing increase back to normal on 
about the seventeenth to twenty-fourth day postoperatively . 
indicating that the coagulation system had halted at this 
time. 

A similar effect was seen with the fibrinogen con- 
centration. Here there was a decrease immediately post- 
operatively increasing to normal on the seventeenth and 
thirty-eighth day. The extended period of returning to 


normal in the case of J-589 was assumed to be due to having 


ag _ ; a ew 
-tvab on bowore -quonp eff} al eirameaneeen Hg em? 
jelotsiq sdf .hbestoeqko Bew ef SPASS isi@ren ols mera? aoiss -_ 

.oulav s of visvitstaqesta aulay Lamien 6 megt Seqqsah gavao 
wol s pairings: vwievitgesseanteoq Spies [amor eis ab Litsea. / 
ysb gexii oct co Temzod to ecimif aéwol ede ao Jeet gntog | 
ofa tuods mo Laurron ag praises \iisulpze .vlovidstsqotaog | =a 
stit diiw sbhionloo Bluow s:aT .¥ap svisarsqosaoq donet 






bas pmitlg jotetety nitetzonasi s to aAeidemtot ets ibemmt 

whegea teiavsila hoetoicoh sit to prideineigqexr I[avbszp 

gamit ‘pntstteln att ylaquve teledsiqwed? aoiw 2A a : 

evel. wol s- of Ylavisgsisqost”d suisv a moxt Segqoxb = : 

Lemion ‘ot: bamxwiIsz \yobepos tp bre: leviibeeeeaeee vietsthemal | 

ditiw sbhionron bivyow sit?  .yievi TATAgQesdaq web bride edgy yd : 

iéiteiupsoo oft to netsalsiot Spe feoggay add of, yue—ei ere 

/baeasttoig pubised es Istvtica 2 sander «A Asin seqoe%g | 

16 nokseotbat' ns. et ig inyw,- -J2er emit. aldmesdsoug ait : Z 

yistsrbowi voub s bar .sieteqe soltstgpmee ent to. teano add sl 

-jdoq ys ‘frogetadt ac. wol 5 betsses Ae: yfeveteszegetasg 
ho Dsiwoa dx doe Sehatoal patuaisades ddtw. ylovidazege 

 “isvigstegotapq “BD, dssuotsytnswt od Gineeznovoa eit tuods > 

eisis +5 botled ‘bed ‘hete ve okt alopane: ead asd pnizgolbal . 


é > R ; oO 
aa Pee - oy oan od | vente ‘| 





56 


a positive potential on the first day postoperatively in 
conjunction with a postoperative transmural potential close 
to zero with the result that any injury induced an extended 


healing time. 


Soka Charged Graft Implantation 


The implantation of the charged-graphited-latex 
grafts naturally presented a different transmural potential 
curve than did all the other implants. The potential differ- 
ence in this case tended to be smoother and much more neg- 
ative than the normal vessel due to the incorporation of the 
direct current source. This difference is illustrated in 
fiqcemoglac.ieand 5.1.2.2. 

The preoperative transmural potentials, ranging from 
-4 to -15 millivolts, tended to be slightly lower than those 
‘found in the end to end anastomosis but were comparable to 
all other groups. The immediate postoperative, along with 
continuing measurements, were found to be about an order of 
magnitude lower than those found in the other anastomoses. 

Two of these prostheses were found to be occluded on 
the seventeenth and twenty-fourth postoperative day. J-980 
(A-L) was found to be occluded on the seventeenth post- 
operative day and examination showed that the wire sutured 
into the surrounding muscle had broken thus allowing the 
transmural potential to rise to its final value of +1 milli- 
volt. This occlusion had been suspected with the rising of 


the potential difference toward zero and on the tenth post- 
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operative day the flow was found to be minimal. In the case 
of J-925 (V-R) infection occurred on the first postoperative 
day and increased in intensity until the twenty-fourth post- 
operative day when examination showed that the distal end 

of the anastomosis had been destroyed, most likely by bac- 
terial macrophages. At the time of examining these two 
anastomosis and on finding them inoperable, the vessel in 
question was ligated to allow continued experimentation 
with the other prostheses implanted in the animals. No 
detrimental effects were noted upon ligation of the vessels, 
indicating no lack of adequate vasculature. This was most 
likely due to the presence of redundant vessels or develop- 
ment of colateral vessels in the area of anastomosis. 

There was very little change from normal, (for the 
pH measurements), except in the case of dog J-925 where the 
blood became slightly acidotic over the interval between 
the second and tenth postoperative day. Since at this pH 
the formed elements of the blood would be losing their 
electronegativity (60), resulting in graft occlusion. 

The change in platelet count for this group, except 
in the case of J-925, was not aS dramatic as that of group I. 
In the case of J-925, where infection had destroyed the 
anastomosis, there was a drop to 246,000 per cubic milli- 
meter for the immediate postoperative count and again on 
the third day postoperatively, as compared to a preoperative 
value of 249,000 per cubic millimeter. This coincides 


with the initial decrease in pH and the first positive 
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potential measurement in the eventually occluded Gnatt. 
There was no dramatic platelet count change for J-980. 

This can only be explained by the fact that the wire broke 
some time between the tenth and seventeenth day and occlu- 
sion occurred in this interval. No tests were undertaken 
to determine the changes taking place during this interval. 

In this set of experimental implantations the clot- 
ting time increased immediately postoperatively bute tedyero 
the lower limits of normal on about the third postoperative 
day, for the case of J-925, and did not return to mid-normal 
until the twenty-fourth postoperative day. The continued 
normal clotting times in dog J-980 are a mystery since she 
would be assumed that as the graft occluded, since there 
waS a rather dramatic drop from patency to occlusion, there 
would be a lowering of the clotting times in conjunction 
with the onset of the coagulation system. 

The prothrombin times followed a pattern similar to 
the clotting times with a drop in J-925 and remaining rel- 
atively constant and well within normal Limits ftom J-980% 
This discrepancy could possibly be resolved With eUINeR er 
tests but at present must remain unsolved. 

Fibrinogen concentrations rose in the case of J-925 
to a value of 469 milligrams percent on the first post- 
operative day but then dropped to a normal value on the 
third postoperative day. This would seem to be a quite 


normal reaction since all other surgical procedures pro- 
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duced a decreased fibrinogen concentration which would in- 
dicate initiation of the healing process due to activation 
of the coagulation process and thus increased conversion of 
fibrinogens to fibrin. A similar pattern was established 
in J-980 with normality being reached on the third post- 
operative day after an initial increase to a maximum of 470 


milligrams percent. 


syed PS) Interpolation With Opposition 


This group was also designated, as were groups I, IV, 
and V as a control group. The discussion of the data is 
identacadptosthat ofugroup I with transmural potentials 
being in the normal range preoperatively, slightly less neg- 
ative or zero immediately postoperatively and returning to 
normal by the second or third postoperative day. All other 
results; pH, platelets, clotting time, prothrombin time and 
fibrinogen concentrations can be discussed in a manner sim- 
ilar to that of group I, making the discussion redundant, 
and thus will not be reviewed here. 

The one exception to this is J-573 (V-R) where the 
graft was found to be occluded on the seventeenth postoper- 
ative day. Upon examination the anastomosis proved to have 
a constriction, due to surgical error, on the proximal end 
and this was considered to be the cause of the eventual 
occlusion. 

Transmural potential for J-573 in the case of the 


venous anastomosis on the right side was normal (-10 milli- 
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62 
volts) preoperatively but only returned to a small negative 
value (-1 millivolt) on the second postoperative day. There 
was then a reversal of sign on the third postoperative day 
(+2 millivolts) with a maximum positive potential of 20 
millivolts on the tenth postoperative day. 

All other tests, as was previously mentioned, had 


only predictable changes associated with this one failure. 


la eed iat Graphited Latex 


The graphited latex (no battery connected) and the 
following group (pure latex) were acute experiments lasting, 
at the longest, 4 hours. 

Group IV consisted of latex grafts coated with 
graphite which occluded between 2 and 4 hours postoperatively. 
Consequently there are only preoperative and postoperative 
results to be considered. 

The preoperative potentials for group IV ranged 
from -4 to -18 millivolts, while the postoperative measure- 
Mentsawebe inethne range Or. 0) to +12emillivolts with: the 
higher, positive measurements clotting faster than the 
lower potentials. The postoperative potentials near zero 
in this group might be attributed to the presence of the 
graphite on the internal side of the prosthesis. This con- 
ductive coating could possibly dissipate some accumulated 
positive charges to the ends of the graft in a manner 
Samitaretomthat ot the mormaleinjury current on potential. 


All other tests followed a typical pattern with pH 
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Staying constant, platelet count dropping from normal pre- 
operatively to a lower value postoperatively although not 
out of the normal range, clotting times dropped to a sub- 
normal value, as did prothrombin time and fibrinogen con- 


centration, aS would be expected in the healing process. 
edb ds Pure Latex 


This Greupachagrart implants reacted in a similar 
Manner to the graphited prostheses but in a more dramatic 
nature, with the longest period of patency being 2 hours 
after insertion. 

Transmural potentials postoperatively proved to be 
the most positive in this group, +9 to +20 millivolts, most 
likely due to the accumulation of positive ions on the 
inner surface of the prosthesis. 

Results for platelets, clotting time, prothrombin 
time and fibrinogen concentration behaved in the same 
Manner as those in group IV only with a more pronounced 
change to values well outside normal levels. The values 
for pH remained constant as would be expected. 

The basic premise that there is a repulsion of the 
formed elements of the blood in a normal vasculature has 
been discussed in Chapter 2. The results of group II ex- 
periments shows that this is a workable thesis in the case 
of prosthetic materials. 

Although there are not enough trials for statistical 


observations, the data presented here indicates that the 
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use of latex vascular prostheses is a workable idea if the 
proper blood interface is achieved. 

Ther datacto Gg 4GOUD mbbke.n stables«Lloshows. there.<1s «4 
relatively large negative potential associated with the 
type of prosthesis used and although this did not seem to 
have any detrimental effects, the use of a smaller battery, 
both electrically and physically, might prove to be more 
efficient and practical. 

Te CcOMparincgeatieucatamorma ll 5 droups the charged 
grafts showed the least deviation from normal and were com- 
parable to groups I and III, the living tissue implants. 
The only incongruities are with the direction of swing. In 
most cases it was found that platelets clotting time, pro- 
thrombin time and fibrinogen concentration decreased while 
in the case ,of. the chargedigvait, aliliof these parameters 
had a slight rise. This phenomena may be explained by the 
excessively negative transmural potential as shown in figs. 
Pol. 2a and, .5 1.2.2..and.might be construed as an indication 
for use of an electrically smaller potential source in 


order to keep these parameters closer to normal. 
Set SUMMARY 


The change of potential difference from a normally 
negative value to a value close to zero, or positive, after 
graft implantation, is the result of normal physiological 
changes which occur in the surrounding tissues after injury. 
The major difference between alloplastic materials and 


living tissue used for reconstructive surgery is the ob- 
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MiLOUSMLBekmoOLeability Clealloplasticumaterialsttospresentaa 
physiologically acceptable electrical image, as living 
tissue would. Even if all other parameters such as chemical, 
physical, nonreactivity, noncarcinogenicity etc. are met, 

the lack of this electrical image. inthe case,of vascular 
prostheses has been shown to be a determining factor in the 


failure rate of vascular prostheses. 
Diao CONCLUSIONS 


Ther inability~orga foreign surface toymaintain 
patency in vascular prosthetic applications has been proven 
in this thesis in groups IV and V where survival of a graph- 
ited latex and pure latex graft respectively was 4 hours at 
the most. 

The use of a prosthesis with an electrically con- 
ductive inner lining and an associated power source, group II, 
has been shown to be as effective as natural living tissue 
for vascular prosthetics. 

The living tissue prostheses, transection with end 
to end anastomosis and interpolation of a segment, had 100% 
and 75% patency rate respectively. 

The charged prosthesis also had a patency rate of 
75% being comparable to the interpolation with opposition 
group thus providing a means of implanting a vascular pros- 


thesis resulting in normal physiological funeuLon. 
5.4 ' SUGGESTIONS FOR FURTHER RESEARCH 


The major applications of the principle that has 
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66 
been developed are in the field of surgery, with particular 
emphasis on: 

(i) Reconstructive peripheral vascular procedures. 
(ii) Local control of diffuse bleeding. 
(iii) Intracardiac insertion of prosthetic 
valves and artificial hearts. 

The first of these has already been demonstrated 
practical in this thesis. Further work would consist of de- 
termining the proper voltage and current to be applied. 
Along with this could be the study of how small a vessel 
could be kept patent for a predetermined length of time. 
These studies could also involve more work on the biochemical 
Side in reference to the exact method of thrombosis pre- 
vention and neointimal formation. With this in mind it 
would now be appropriate to discuss the idea of incorpo- 
rating an alloplastic material into the body to become 
living tissue. This possibility could be achieved by first 
determining if a living intima could be developed on the 
prosthesis described in this thesis. This might be accom- 
plished by first applying a small positive potential to 
the graft for a short period of time in order to accumulate 
a layer of protein on the inner surface of the prosthesis 
and then applying a larger negative potential to prevent 
complete thrombosus. In this manner it would be hoped that 
a living intima could be grown with its own blood supply 
obtained from the ends of the normal vessel. If this neo- 


intima could be developed then it would be a simple matter 
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67 
of developing a material, to replace the latex, that would 


dissolve in the body after several weeks or months, leaving 
onlyaliving tissue vin the excised segment sof vessel. The 
electrical apparatus for applying positive and negative 
potentials could be implanted subcutaneoulsy, much like the 
pacemaker in use today, and removed by a simple skin in- 
cision at the appropriate time. 

The second area of future research dealing with 
local control of diffuse bleeding is based on the evidence 
that a thrombus forms under a positive electrode, this tech- 
nique could be applied clinically to produce haemostasis in 
friable tissues such as liver and brain where use of ordinary 
cautery techniques might prove too destructive. Patients 
with abnormal bleeding states, such as haemophilia, could 
possibly benefit from the use of electrodes implanted Into 
wounds or severed vessels and connected to the positive pole 
Creda cectecurrent source. 

The third area of future research would be applic- 
able to artificial organs which tend to produce thrombi when 
implanted. These include artificial heart valves which often 
occlude due to their presence in the blood stream. These 
could be made conductive by some method and connected to 
the negative pole of a battery to prevent thrombus formation. 
The same procedure could be applied to artificial hearts 
which are notorious for their blood destroying capabilities. 
These devices could have a neointima developed on their 
blood interface, by the method previously ficeuesedy Teo gavel 
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68 
the elements of the blood, especially red blood cells. In 


this same area the internal surfaces of extracorporeal 
heart lung machines could be made conductive and thus ren- 
dered anti-thrombotic and possibly less destructive with 
the ingrowth of a pseudointima. 

Other areas of interest might also be developed 


upon further experimentation in the above areas. 
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APPENDIX I 


LIST OF SYMBOLS 


a distance above the edge of the cylinder 

a acceleration 

a elemental vector in the X direction 

dy elemental vector in the Y direction 

ae elemental vector in the direction of axis of cylinder 
A Angstrom 


AHG anti haemophilic globulin 


th W Fy 


Ap average area of a single dipole 
d thickness of diffuse double layer 
dA differential surface 
ap differential dipole element on a differential surface 
e electronic charge 
E electric field 
Ez electric field from the cylinder 
Ey electric field along the axis of the cylinder 
force 
Boltzman's constant 
length of the cylinder 
m mass 
Mi molar. concentration: i es 
n number. of ions per cubic centimeter 
Pp dipole density function 
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dipole moment 

component of dipole moment in X direction 
component of dipole moment in Z direction 
plasma thromboplastin antecedent 

plasma thromboplastin component 

a charge on the axis of symmetry 

radius of an elemental area 

distance of dipole from axis of cylinder 
absolute temperature 

potential of a point dipole 

radius of the cylinder 

valency of the ions 

angle between R and Z 

cot7l (-a/Xx) 

cot=1 (((L-a)/X) 

dielectric constant of the medium 


dielectric constant of .ain 


thickness of compact part of diffuse layer 


potential of the surface 

critical potential at the surface 
normal potential at the surface 
potential between Stern and Gouy layer 


Zeta potential 
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APPENDIX [I 


Ift-l BIOPHYSICAL’. ASPECTS..OF ELECTROSTATIC 
REPULSION IN THE VASCULAR SYSTEM 


In recent years there has been a tremendous amount 
of research carried out on biological membranes, one aspect 
of which is the biophysical make-up of the surface. Numer- 
ous structural models of biological membrane systems have 
been proposed to explain a wide variety of intra-and extra- 
cellular functions. Both analog and molecular models have 
been brought forward to explain phenomena dealing with 
motility, excitability, transport, permeability, adsorption, 
adhesion and other biochemical processes. Models of the 
molecular structure of biological membranes are necessarily 
based upon incomplete data at a molecular level and real 
structures, complex as they are, ave often considered by 
making specific assumptions as to which variables may be 
neglected. 

Within the past decade, by far the greater number 
of experimental membrane studies have centered around arti- 
ficial perm-selective membranes (21,97). These membranes 
vary from simple chemical ion-exchange columns (97) and 
specifically prepared synthetic films (32,68,71,81,86,116), 
to specific artifically prepared membranes of biological 
Lipid origing(/8) the basiclorinciples arising oucpor 
these studies involve the elucidation of structure necessary 
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to perform a given chemical selective function. Thus 
several studies have yielded information dealing with 
chemical selectivity. Investigations have included a 
variety of cellulose membranes along with their electron 
micrographs (86), liguid anionic and cationic exchange mem- 
branes along with their electron micrographs and polystyrene 
membranes (21). 

Analysis of these varies from simple temperature 
dependence through electrical measurement to application of 
the double layer theory (70). 

More theoretical emphasis has been given to artifi- 
cial membranes by considering the adsorption isotherms 
associated with a large number of surface phenomena (59). 
Often, also, biologically unrelated theoretical studies 
can be applied to yield useful information. Numerous ex- 
amples (54) may be found in the literature where desorption 
and adsorption of thin organic films of diverse macro- 
molecular structure on metal surfaces have been investi- 
gated. Studies on coacervation (88) may also pertain. 

The electrostatics of adsorption has been sparsely 
treated focusing only upon specific geometrics and special 
systems (57). A review of the addivity of intermolecular 
forces at interfaces is given by Fowkes (42). The analysis 
of these systems classically involves double layer theory 
and Van der Waal's interactions. 

Recent interest in the role of metal ions binding 
to artifical membraneous structures and lipid constituents 


has given new emphasis to complex formation in membrane 
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structure and function (23). Binding and complexing prop- 
erties of calcium, magnesium and heavier metals with mem- 
braneous materials and lipid fractions of brain tissue have 
only recently been investigated (47). 

Functional analogs of transport phenomena for bio- 
logical membranes have been well characterized in the 
literature for some time (122). Ion transportein particular 
has received much attention, usually without reference to 
structural features of a membrane model (58). MThus, dif- 
fusion equations, conservation of charge, and net flux 
equations are the basis of such analyses. Recently, atten- 
tion has been given to problems of permeability and excita- 
bility in terms of analog models based on membranes of 
limitéd structural \identityo(s). SeoLtspecilal*notevis! the 
work of Rudin and Mueller (75) with artificial membranes 
which parallel known biological structures that have been 
reconstituted from lipid materials. 

More classical approaches using experimental data 
on the erythrocyte membrane have suggested models accounting 
for mechanical properties. These models range from springs 
and dashpots to mathematical models of elasticity and 
strain (92). 

Evidence which has Been accumulated from a diversity 
of sources for a limited biological membrane composed of a 
protein-coated bimolecular layer of lipid and phospholipid, 
has created a framework for membrane structure on which 


most investigators agree. In addition, there is a general 


agreement that the membrane is roughly 100 to 1000 Angstroms 
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thick. There is also general qualitative agreement that 
the bilayer contains cholesterol, galactosides and phospho- 
lipids of which sphingomyelin, phosphtidylethanolamine, 
phosphatydylcholine, phosphatidylserine, diphosphoglycero- 
nositide are the major components. The hydrocarbon chains 
are directed toward the interior of the bilayer and the 
polar groups are exposed on both sides in contact with the 
protein. 

With this very simple picture of the membrane struc- 
ture in mind, it is necessary to consider in more detail 
the evidence for certain biophysical aspects of the model 
in use. These details to be considered are: 

(i) Dimensions of the bilayer. 
(ii) Molecular constituents and packing of 
the bilayer. 

(111) Orientation of the lipid molecules 


in the lipid bilayer. 
II-2 'Dimensions of The Bilayer 


Within the past few years much interest has been 
shown in “black films" formed by soap and lipid materials. 
Studies by Rudin and Mueller (76), Overbeek (84), Thompson 
(55) and Haydon (48) have shown that these artificial 
bilayer films are comparable in dimension and electrical 
properties to the range of dimensions and properties of 
their biological counterparts. Although a similar varia- 
tion in the width of the bilayer is reported from one in- 


vestigator to another, as in the biological case, well sub- 
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85 
stantiated evidence has been gathered on the packing of the 


molecules in these artifical bilayers. Thus, the hydro- 
carbon chains are considered to be perpendicular to the 
plane of the membrane, while the polar groups have freedom 
of orientation with external fields depending on the 
molecular packing. The density has been firmly fixed at 
between 20-30 Angstroms” per chain resulting in an average 


packing area of 25 Angstroms” per molecule (48,55,76,84). 
Ii-3 Molecular Constituents and Packing of The Bilayer 


A number of studies (96,99) have identified enzyme 
constituents associated with the biosynthesis of bilayer 
constituents. Rothfield (96) has studied the lipid compo- 
sition of the cell wall as it relates to enzyme components 
for the biosynthesis of bacterial lipo-polysaccharides in 
the cell wall. Investigations of the lysomal membrane in- 
Gicate that this bilayer has the characteristics of a 
charged membrane (99). 

Specific analyses of lipid components of membraneous 
structures are most often performed on erythrocytes and 
macrophage membranes (29,83). Labeling techniques are now 
common and yield data of the percent lipid component in the 
bilayer (83). It has been shown that the cholesterol- 
phospholipid ‘ratiosVor lipids of butano I=treated "erythrocytes 
fsestonrr Cant re latilom Co #permedbrirty 9 (tS). Investi— 
gations of micelle formation of lipids and related sub- 
stances cannot be overlooked in understanding the stability 


and the formation of the bilayer relative to its chemical 
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composition. Studies in polar and non-polar solvents with 


micelles of Licithin indicate dimensions of interesting 

head groups and conversions of Monomolecular leaflets to 
bimolecular types (39). The relationship of the dielectric 
constant of these micelle groups to permeability is also 
analysed. The use of anionic, cationic and non-ionic deter- 
gents in micelle formation, yields data on the limiting size 
of the aggregates relative to their charge properties (25). 
By examination of spontaneous binding of protein from 
mitochondria with micellar phospholipids a possible mech- 
anism of genesis of bilayers in the cell (94) can be in- 


ferred. 


The packing of chemical constituents in the bilayer 
of biological membranes has been sparsely considered. Re- 
search concerned with molecular sieving by cell membranes 
of Bacillus megaterium indicates a hexagonal arrangement in 


PhemoeoucturesoL: lipldsollavers sulisl\e. 
II-4 Orientation of Lipid Molecules in The Bilayer 


Early surface chemical studies on the monolayer of 
lipid substances at air-oil and water-oil interfaces eluci- 
date the basic structural orientation of molecules in liquid 
and condensed phases. Potential measurements, although 
crude and often contradictory in those early investigations, 
sustained a picture of lipid molecules in which the hydro- 
carbon tails are perpendicular to the plane of the water 
molecules in a condensed phase, and slightly tilted in the 


liquid phase (111). Many of these force-area and potential- 
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area curve measurements are still useful today. It has been 
shown from these early studies that the larger the area per 
molecule the flatter it lies in the plane. Changes in the 
potential during this tilting process indicate a change in 
the orientation of the polar end group which has been 
theoretically substantiated by analysis of the orientation 
angle of the dipole moment. A similar effect was obtained 
by changing the concentration of electrolyte in the aqueous 
solution. On comparing bilayer and monolayer molecular 
densities the usefulness of this data becomes apparent. Thus 
with molecules packed on 25 Angstroms * per carbon chain 
bordering on a transition between liquid and condensed 
phases, the polar groups and/or hydrocarbon chains, on 
strictly®geometric grounds, have sufficient room to tilt in 
aligning with an external field. 

In turning to more recent monolayer studies with 
both ionized and dipole polar end groups, depth of immersion 
of the head group in the aqueous phase has been established 
(66). However, interest in the orientation of the polar 
group has not appeared. The influence of charged polar 
groups of monolayers on protein molecules has also been in- 
vestigated (62). In general, references ignore the influ- 
ence of the dipole end groups of lipid molecules as being 
an insignificant and negligible factor in electrostatic 
calculations (42,49). Also, research on transmembrane 
potentials in living biological membranes attempts to ex- 
plain the data solely in terms of ionic concentrations 


within the cellular vacuole (89,118). Equally incorrect 
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are molecular models of the membrane which treat theoret- 
ically the protein layer as the only electrostatic com- 
ponent (50). Similarily the influence of external electric 
fields on the bilayer structure has not been experimentally 
established. 

A number of structural models, which in some ways 
are related to the bilayer structure have been proposed to 
explain special functions. Daniel (28) analyzes the high 
intensity electric field properties of linear chains of 
dipoles of solid secondary alcohol from a statistical point 
of view. From this analysis, dielectric saturation in 
chains of hydrogen bonds is used as a model for field con- 
trolled ion trapping in a mechanism of conduction in nerve 
membranes. 

A model of dipole orientation and polarization is 
presented in a theory of dielectric crystaline dispersion 
by Yamafugi (128). Although this theory ts far removed 
from molecular bilayer structure, it is of interest to note 
that even in solid macromolecular crystalites, reorienta- 
tion of dipoles plays a major role in field effects. 

One of the most noteworthy and comprehensive repre- 
sentations of the biological membrane has been set forth 
by “Hechter (50)). ocHis stheoretical ‘considerations jvat ‘tthe 
molecular level, of the water molecules in and around the 
bilayer, as well as his analysis of configurations and 
clathrate structures of water coupled with hexagonal and 
pentahedral configurations in the packing of the protein 


monolayer is marshalled with much theoretical and experi- 
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mental evidence. The influence of the bilayer itself as it 
interacts at the molecular level with this hexagonal sub- 
unit model of water and protein is as yet to be determined. 

A model taking into account orientation effects of 
the dipoles in the polar end groups of the bilayer is pro- 
posed by Goldman (44). He presents a molecular structural 
basis for the excitation properties of axons. His struc- 
tural model consists of a double layer of lipid and phospho- 
lipids which change their orientation and combining prop- 
erties under the influence of an electric field. The driv- 
ing forces are assumed to be electrostatic forces and con- 
centration gradients. The electrostatic is treated from 
the point of view of statistical mechanics with structural 
models of the phospholipids. Justification of the dipole 
orientation is given in terms of the atomic configuration 
of the polar end groups of the complex phospholipids. 

Any structural model used to explain biological mem- 
brane phenomena must satisfy, in the first instance, the 
molecular configuration of the bilayer. If the framework 
of all biological membranes is a bimolecular lipid leaflet 
20-100 Angstroms across, then a “molecular model" is defined 
which represents in a "chemical" sense the real lipid and 
phospholipid molecules found in the actual configuration of 
the bilayer. For this model to be valid it must also in- 
clude water molecules and electrolytes, which are always 
present, as well as macromolecules of protein adjacent to 


both sides of the bilayer (50). Since at this time, these 


entities are structurally uncertain at the molecular level, 
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it is not possible to identify these variables in any great 
detail. 

From the “molecular model" it is necessary to ab- 
stract electrostatic properties of first order effect that 
will constitute an “electrostatic" or "physical" model. 

Thus initial analyses will neglect the hydrocarbon chains 
in the bilayer which give rise to London-Van der Waal's 
dispersion forces which vary as 1/r’. Charge and dipole 
effect which vary as 1/r* and 1/r* must be taken into 
account. Therefore, the “physical model" of the bilayer 
will consist of a double layer of discrete dipoles, whose 
actual dimensions and dipole moments are taken from the 
real lipid molecules of the "molecular model". Since the 
bilayer often contains a net negative charge, due to the 
partioning of the electrolyte or ionization of polar groups, 
‘a fixed charge density may also be superimposed. 

Te has been well established (77), that the stab11— 
ity of the bilayer resides in the attractive forces (London- 
Van der Waal's dispersion forces) of the hydrocarbon chain 
as opposed to the repulsive forces of the two extreme 
layers of dipoles. Experimental data leading to these facts 
have been gained from studies of lipid micelles and early 
investigations of Debye (31). Thus the hydrocarbon chains 
"Screen out" the effect of the charge centres beneath the 
bilayer so that only one layer of dipoles need be considered. 

Using this background it is possible to calculate 


the electric field intensity in almost any configuration of 


oe | 7. ye 
Jesup vas ni aslidsitev sesit ytidnebt OF oldtesog gan dt 9E- 
sae oi Viseeasoon et 32 “Tebon tsluveotan” Say moet * + te) 
Jsair dot atts ebro sexk? to 2oiciaeetg: stdpbovsuete tosita | 

(ohom “Iseiayiq" so “Sideteorsosis” As stutizendo LEiw- 





isto codussooxubyd sit toeiven fiw qoex lois tatsini sud? 
” @) tseW-xs8 16V=nobtiod of scix svi doedw seyelid old ak 
\foqkb Sns aps »*\l es vasy initcdw abee® nolexsqakb 
| GIRL reed ead taum *x\J eins ke A a6 VW¥AV tae Jost. | 
toysiia ods %o "tebom Isoleyda" sad .oteiaved? . saveson 
seotw .2s fog 25 averoel io teysi sid#eb g is defend Ifiw 
srg atoxe irosteit 98 attnaitom af red & brs efolensath tsidoe 
ect) pent ." fsbonm zeiybelon" beta *> satuidiion biqtf Iss 
sit co! ob ,epaeis evidsnad ten s, Sthaginee ae22o  wwysitd 
\equo%e tsiog to dolestact id etytoxjoels aig To paiaoisisgq . 
-beaogmsivadue of cain yam ‘é Leuee eersdo bexi? B 

“Etdete sii gets ,<1)) badteilistes Iies need aed SF" 
“MONNOF) 290a02 svisoétistes sit gi -eaebleet aeyelid eas to y2i- 
nbed>s nodiasoubynd ond Yo (#on¥o? no teroqehy za‘ IsswW teb ds 
SMSiIxS ows Sst to esol svisivaseg ont og hasoaqe @s 
etyst east oF patbesl stab istaamisegem ,@efogib to sxeyst 7 
Lod oa doiteste mead to asthunra moat Beniap mood ovad 


ena rahe Harta scan 


bo : ay a Bs 7 









91 
dipoles. The electric field intensity for the simple case 


of axial electric field in an open cylinder will be derived 
here. The cylinder was chosen, over planar surfaces, since 
this work is to apply mainly to vessels and electrostatic 
repulsion of the formed elements of the blood to prevent 
thrombosis. 

The general equations for the electric field inten- 
sity and potential energy for a point dipole function (for 
a Single dipole) will be derived such that the equations 
are immediately integrable over a cylindrical surface. In 
the general equations, the point dipole function is a 
moment function, while in the cylindrical equations, the 


dipole function becomes a moment density function. Thus: 


10 E/E. telat. 

dP = oe pdA 1 
where: 

Pp = dipole moment 

A,= average area for a single dipole 


adP = differential dipole element on 
a differential surface dA 


p = dipole density function 


The dipole density function will have radial and 
Z-directional components. The tangential component will 
not be considered. Thus this derivation only applies to 
the axis of symmetry of the cylinder. 


The potential of a point dipole is given by: 
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From fig. Ti.d4.l the following vector equations 


are obtained: 


P= P+ Po= |P| (sin@a,+ cos0a,) 
R = Xa,+ Xcotaa, 

P.R = |P|Xsind + P Xcos® cota 
iR) = (x24 le) at Xcoseco. 


Substituting eqs. 5 & 6 intO eq. 2 and simplifying, 
yields: 


~ 


IS sin*a cos(a-6)). 
ATEOX )) 


< 
1] 


To determine the field, E = VV, where: 
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Since Ey is perpendicular to X and Z (right hand rule) 


it is given by: 
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si eS ee cos(a-0)). 
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To evaluate E,, from fig. II-4.1, we see tel Vel uae 


Z = Xcota 
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: Zis the axis of the cylinder 


| rg 





Eig. 2i=—4 51 


Dipole density components 
on surface of cylinder 
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and 
= -Xcosec’o WO 
or 
ba. _ sin’a., 13 
JZ X 


Applying the chain rule to the gradient in the 


Z-direction gives: 


a2 Da dz re 

Now incorporating eq. 14 into eq. 8 yields: 
Wee ov Peeesingoedy, 

Wea Seay aaa rie i ei 13 
Substituting eq. 7 into eq. 15 and simplifying gives 
the result: 

P in? | . 
EZ= 1B} | sin’ 4 (3sin® sin*a cosa + 
4TEO x3 
16 
wee.+ COSO Sing (3cos>o-1)) 

Eqs. 9, 10,) Lo7yMrepresentethnesticid vat faPpoine 
due to a single dipole on the cylinder. Summing around 
cylinder will now give a cylindrical dipole configuration. 

An element of field dE may now be defined, 
whose origin is an elemental dipole dP as: 

ak = = aP 17 
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Thus dE will be the element of field ate point 
"Pp" a distance and direction R from the elemental dipole 
(see fig. Li-4.2). in order to determine the total 
freldeat Dom t P from all the elemental dipoles on the 
cylinder it is necessary to integrate over the surface 


thus: 


~ ~ EB ~ 
E = dE = — dP. 
Ee Oisaen a a P is 


Recalling that: 
dP = pda 
EMewOLebetential area erementeotmapey Inder is givensby: 


dA = |r dy dz. ihe} 


In order to establish the limits of integration 


the following substitution is made: 


az = 24 do + 24 ar 
00 One 


since dr = 0, 


dqdzZ = a alate 20 


Bute ouecdi.ni2: 


Thus: 
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Considering first the radial component, substitute 
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Considering the differential Z-field from eqs. 16 & 17: 
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».. + cos@ sina (3cos*a-1)) dy da. 

Therefore: 
E,J= 2p por sects EES sin*a cosa + 
Z is: Os ATE OX as 

25 


.-.- + cos@ sina (3cos7a-1)) da. 
where: 


Aco= cot7!((L-a)/X) = a min. 
ar= cotiea(ea /a HO fake. 


L = length of cylinder 

a = distance above the edge of the cylinder 

X = radius of the cylinder 

Performing the integration with respect to a gives 
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Uracloneor uipores "at “aspoine Which Sis ata ‘distance ea" 
above the edge of the cylinder of length L. 


Thus: 


[5 | 
€ 


Eg= 35x (sin*az,cos(az,-8) - sin*a cos (a,-6) ) 26 


Hence we see for the special case mentioned above: 


Ez= He (sin*ayz,cos (az,-6) - sin*agcos(ag-6) ) 
Now by a simple analysis of the dynamic properties 
of this system utilizing Newton's second law and charge 


dynamics and neglecting drag for this simple case. 


~ 


F = ma and F = OE Di 


yields: 


where: 


a = acceleration 
Q = a charge on the axis of symmetry 


Ez= field from the cylinder 


It is now of interest to consider the motion of a 
charged particle at one end of the cylinder. If the dipoles 
are aligned so that they are perpendicular (@=90°) to the 


cylinder, the charged particle will accelerate towards the 
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axis of the cylinder where it will decelerate and eventually 
come to rest. In this way if the surface of the vessel is 
negatively charged, as it is thought to be, with respect to 
the adventitia or to the blood, the negatively charged 
formed elements of the blood will migrate to the centre of 
the vessel resulting in no adhesion and hence no thrombus 
formation. 

From this review of the data and theory, known to 
date, it can be seen that the biophysical make-up of the 
cell wall can, and probably does, play an important role in 
haemostasis. This same theory may be extrapolated to other 
membrane systems in a living species, for example the same 
derivation as presented above may very well be applied to 


the conduction of nerve impulses along nerve fibers (44). 
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